Identifying applicable anode materials is a significant task for Li-and Na-ion battery (LIB and NIB) technologies. We propose the GaN monolayer (2D GaN) can be a good anode candidate. The GaN monolayer manifests stable Li/Na adsorption and inherently low theoretical voltages. Most excitingly, both high storage capacity and extremely fast Li/Na diffusion can be simultaneously realized in the GaN monolayer. For Li, the storage capacity and diffusion barrier is 938 mA h g -1 and 80 meV , respectively.
Adatom adsorption on GaN
To begin with, we indentify the most favorable adatom adsorption site on the GaN monolayer. As shown in Fig. 1 (a) and (c), for the top and the bottom surfaces of GaN, we have considered four high symmetry adsorption sites (denoted as T1-T4, and B1-B4, respectively). The adsorption energies for these sites are calculated by using the formula: 2 2 Ad Li/Na+GaNH GaNH Li/Na
In formula (1) , Ad E is the adsorption energy. 2 Li/Na+GaNH E ( 2 GaNH E ) is the energy of the GaN supercell after (before) adatom adsorptions. Li /Na E denotes the energy for per Li/Na atom. adsorption energies for all the bottom surface sites while has negative adsorption energies for all the top surface sites. This shows that the adsorptions prefer to occur on the top surface of GaN. Second, among the top adsorption sites (T1-T4), T2 and T3 sites have the same adsorption energy (because adatoms at T3 site would automatically shift to the T2 site), which is lower than those at T1 and T4 sites. Therefore, the adsorption at the T2 site is the most energetically favorable. From our computations, the adsorption energy is Here we study possible charge transfers during adsorptions. We find that Li and Na atoms transfer their most electrons to the GaN monolayer. The results are shown in Table   1 . The amounts of transferred charges are larger than 0.8 e for both adatoms. Such charge transfers indicate that these adatoms are indeed chemically adsorbed and form chemical compounds with the GaN monolayer.
We continue to study the conductivity of GaN after Li/Na adsorptions. For this point, we compare the electronic structure of the GaN monolayer before and after adsorptions.
In Fig. 3 , we display the corresponding total density of states (DOS) and the optimized atomic configurations. One can find that, although the pristine GaN monolayer is a semiconductor, it would become metallic during the adsorptions. This is a quite desired condition as a battery electrode candidate. The sufficient charge transfer from adatoms is responsible for this semiconductor-to-metal transition. Similar phenomenon has also been observed in other semiconducting electrode materials such as silicene, 41 phosphorus 37, 38, 50, 51 and GeS sheets 39, 52 .
Adatom diffusion on GaN
Next, we estimate the rate performance of the GaN monolayer when using as LIBs and NIBs electrodes. For this point, we have considered three migration paths (P1, P2, P3) between neighbored T2 sites. The pathways and calculated diffusion profiles are shown in Fig. 4 . One observes that the energy barrier for P2 is the lowest among the three paths, which is 79 meV for Li and 22 meV for Na. Further calculations show that the Li/Na diffusion barrier can be even lower with increasing the adatom coverage. We have calculated layer-dependent ion diffusion barrier on the GaN monolayer. Based on our computations, the Li (Na) diffusion barrier drops to 43 meV (16 meV) for one-layer-coverage and 37 meV (11 meV) for two-layers-coverage. It is worth noting that, these diffusion barriers are lower than most 2D anode materials. This indicates extremely fast Li/Na diffusion on the GaN monolayer. We will make detailed discussions on this aspect in section 6.
Li/Na storage capacity on GaN
In this section, we focus on the Li/Na storage capacity on GaN. The adsorption energies are computed layer-by-layer. Here the computations are performed on the 4 × 4× 1 supercell of the GaN monolayer. The half-cell reactions can be described as:
Therefore, the average OCV ( ave V ) can be calculated follows: According to the definition of equation (3), one can find that, the maximum capacity on the GaN monolayer corresponds to the Li/Na concentration beyond which the ave V becomes negative. As shown in Fig. 5 (a) and (b), the chemical stoichiometry for the maximum Li and Na adsorption is Li 3 GaNH 2 and Na 2 GaNH 2 , respectively. Then we can calculate the maximum Li/Na storage capacity ( m C ) by using the equation:
Similar computations are also used in previous works. [24] [25] [26] 33 The calculated Li (Na) capacity is 938.1 (625.4) mA h g -1 .
Here we examine the thermodynamic stability of the Li 3 GaNH 2 and Na 2 GaNH 2 system. Ab initio molecular dynamics (AIMD) simulations are adopted by using 4 × 4× 1 supercells of Li 3 GaNH 2 and Na 2 GaNH 2 at 323 K. Each time step is chosen as 2 fs. Figure   6 shows the structure snapshots of initial and final states for Li 3 GaNH 2 and Na 2 GaNH 2 .
After 1500 steps, both Li 3 GaNH 2 and Na 2 GaNH 2 can retain their structures, indicating they can have good stability near the room temperature.
We also note that, several typical semiconductors BN, AlN and InN have the same structure with GaN. Their 2D counterparts are also promising to be synthesized by similar graphene encapsulation method. 44 Based on equation (5) 
Comparison with typical 2D anode materials
The diffusion barrier (which determines the rate capability) and the storage ability are quite crucial to battery electrodes. To get a comprehensive judgment of the electrode performance of the GaN monolayer, the parameters of some typical 2D anode materials for LIBs and NIBs are provided for comparison in Table 2 and Table 3 .
For LIBs (see Table 2 ), one can find that the GaN monolayer possesses the second largest specific capacity among the listed ones. Although the capacity for the GaN monolayer is 0. Borophene, one can observe that they show very high Na storage capacities but suffer quite poor Na diffusion ability (the diffusion barriers are as high as 110-560 meV); while the proposed GaN monolayer can be 5.0-25.5 times faster in Na diffusion. Remarkably, among available 2D anode materials with similar scale of Na diffusion barriers, the GaN monolayer almost possesses the highest Na storage capacity.
Summary
In summary, using the GaN monolayer as a prototype system, we have theoretically investigated the properties of the newly synthesized 2D GaN as potential battery electrodes. We find Li and Na atoms exhibit negative adsorption energies with sufficient charge transfers to the GaN monolayer, indicating their chemically stable adsorptions.
The GaN monolayer becomes metallic after Li and Na adsorptions, which ensures good electronic conductivity as battery electrodes. The calculated average OCV is as low as 0.060 V for Li and 0.050 V for Na. This indicates GaN is suitable for the anode material.
Remarkably, we find both the ion diffusion performance and storage capacity in the GaN monolayer are much higher than most known 2D anode materials. To be specific, the diffusion barrier is only 79 meV and the capacity is 938 mA h g -1 for Li, and those for Na are found to be 22 meV and 625 mA h g -1 . Our results suggest that both fast ion diffusion and excellent storage ability can be expected in the proposed GaN electrode. 
Fig. 6
Comparison of structure snapshots between the initial and final states for (a) the Li 3 GaNH 2 and (b) the Na 2 GaNH 2 system after 3 ps of AIMD simulation at 323K.
